The molecular orientation within a surface liquid crystalline layer made up of semifluorinated side-groups [-CO-(CH 2 ) x-1 -(CF 2 ) y F] (SF groups) attached to the isoprene block of a styrene-isoprene diblock copolymer was determined by analyzing the partial electron yield Cedge NEXAFS signal. The results show that in contrast to the bulk, where the SF groups lie parallel to the diblock copolymer lamellae and thus parallel to the surface, the surface SF groups make an average angle with the surface normal of between 29 and 46° depending on x and y.
INTRODUCTION
To develop polymers with low surface energies, it is common to introduce a fluorinated group onto a polymer backbone in order to create a fluorinated surface coating. Commercially available fluorinated ester side chain acrylic and methacrylic polymers are typical low surface energy coating materials [1] . Small amounts of fluorinated polymer can also be mixed with, or chemically bound to the surface of another polymer to dramatically alter its surface properties [2] . One critical problem, surface reconstruction in contact with polar liquids, still has not been solved and this limits the practical application of these materials.
A uniformly organized trifluoromethyl (-CF 3 ) array would create a surface with the lowest possible surface tension. Self-assembled monolayers (SAM), produced by self-organization of randomly oriented molecules from a solution or vapor onto a surface, can result in such arrays [3] but are impractical for large-scale applications, especially for coatings on elastomers. An effective approach which avoids SAM techniques for production of a uniform -CF 3 surface is to harness the self-assembly behavior of a class of fluorinated materials, the liquid crystalline semifluorinated alkanes. In order to prevent surface reconstruction processes from occurring, it would be ideal also for a side chain to micro-phase-separate (i.e. have a long enough fluorocarbon unit to be immiscible with the polymer backbone and hydrocarbon side chain). Otherwise, the surface molecular composition would not be a uniform -CF 3 structure but would be a mixture of -CF 3 , -CF 2 -, -CH 2 -, and -CH 3 groups. Bearing this idea in mind, selforganization of a liquid crystalline mesogen on the nanometer length scale could play an important role in the design of stable, low surface energy materials.
Styrene-isoprene diblock copolymers were synthesized, in which semi-fluorinated [-CO-(CH 2 ) x-1 -(CF 2 ) y F] side-groups were attached to the isoprene block [4] . We refer to such copolymers as semi-fluorinated diblock copolymers (SFDs). Our previous experiments indicated that the morphology of SFDs is governed by the ratio of the different blocks (LC or amorphouslamellar, cylinder) and the structure within the LC block is controlled by the lengths of the sidegroups. Namely, depending on the x/y ratio either smectic-A, smectic-B (S B ) or isotropic phases exist. The relationship between the order of the mesogenic semi-fluorinated (SF) side-groups and the microphase formation has been investigated by small angle X-ray scattering, transmission electron microscopy, and time resolved X-ray diffraction [4] . It was found that the lamellar plane is oriented parallel to the substrate surface, while the SF side-groups prefer to pack so that they lie parallel to the lamellar plane. A detailed analysis of the X-ray data demonstrated that the SF side-groups arrange in a liquid crystalline hexagonal S B phase (similar to precursors). Contact angle measurements revealed a very low surface energy consistent with close packing of -CF 3 groups at the surface [4] . These results imply that the SF side groups do not have the same orientation at the surface as they do in the bulk. These surfaces proved highly resistant to reconstruction in water, a resistance that might possibly originate in the stabilizing influence of a S B LC surface ordering of the SF side-groups.
It is thus of great interest to probe the near-surface orientation of the LC side-groups in SFDs using a truly surface sensitive technique. Near-edge X-ray absorption fine-structure (NEXAFS) has proven to be a powerful tool for studying molecular orientation of a variety of materials [5] . The ability to probe structures at the surface and in the bulk of the material at the same time, along with its high sensitivity to the character and orientation of chemical bonds make NEXAFS superior to other surface methods for this purpose.
EXPERIMENT
The same block copolymer, which had styrene and isoprene (60% 1,2 and 40% 3,4 units) blocks with degrees of polymerization of 395 and 107, respectively, was used as the basic backbone to which the SF side-groups were attached. SF side-groups with various values of x and y (FB-y-x) were attached to the pendent double bonds of the isoprene using synthesis methods reported previously [4] . Due to the bulkiness of the fluorinated side chains, the volume fractions of the styrene and SF isoprene were approximately equal which led to the formation of a microphase separated lamellar morphology of the block copolymer. Thin (ca. 50 nm) films of SFDs were prepared by spin-coating solutions of the block copolymers in α,α,α-trifluorotoluene onto silicon wafers. The samples were then annealed in vacuum at 150°C for 4 hours to perfect the lamellar morphology, which in thicker films forms parallel to the substrate.
The NEXAFS experiments were carried out on the NIST/DOW materials characterization end-station at the National Synchrotron Light Source at Brookhaven National Laboratory. The U7A beamline is equipped with toroidal mirror spherical grating monochromator. The incident photon energy resolution and intensity were 0.2 eV and 5 x 10 10 photon/s, respectively, for an incident photon energy of 300 eV and a typical storage ring current of 500 mA. The materials characterization end-station is equipped with a heating/cooling stage positioned on a goniometer, which controls the orientation of the sample with respect to the polarization vector of the X-rays. A differentially pumped ultra-high vacuum compatible proportional counter is used for collecting the fluorescence yield (FY) signal. In addition, the partial-electron-yield (PEY) signal is collected using a channeltron electron multiplier with an adjustable entrance grid bias (EGB). A crude depth profiling within the top 5 nm is possible by increasing the negative EGB on the channeltron detector, at the highest bias thus selecting only the Auger electrons which have suffered negligible energy loss. The monochromator energy resolution and photon energy were calibrated by comparing the transmission spectrum from gas-phase carbon monoxide with electron energy-loss reference data. To eliminate the effect of incident beam intensity fluctuations and monochromator absorption features, the FY and PEY signals were normalized by the incident beam intensity obtained from the photo yield of a clean gold grid.
RESULTS
NEXAFS involves the resonant x-ray excitation of a K or L shell electron to an unoccupied low-lying antibonding molecular orbital of σ symmetry, σ* [5] . The initial state K or L shell excitation gives NEXAFS its element specificity, while the final-state unoccupied molecular orbitals provide NEXAFS with its bonding or chemical selectivity. A measurement of the intensity of NEXAFS spectral features enables the identification of chemical bonds and a determination of their relative population density within the sample. Because of the fixed geometry and the fact that the σ → σ* excitations are governed by dipole rules, the resonances are polarized, that is, their intensity varies as a function of the direction of the electric vector E of the incident X-ray relative to the symmetry of the molecule. Because sharp core level excitations for C and F occur in the soft X-ray spectral region, NEXAFS is an ideal technique for probing molecular orientations of SFDs.
To resolve the molecular orientation of SFD surfaces, NEXAFS experiments were first carried out on a sample consisting of a well-ordered self-assembled semi-fluorinated monolayer (SAM-F) whose structure [-O 1.5 Si-(CH 2 ) 2 -(CF 2 ) 8 F] closely resembles that of the SF-LC sidegroups in SFDs. These experiments provided important benchmarks for interpreting NEXAFS results on the SFDs. Figure 1 shows the PEY NEXAFS spectra at the C 1s edge from SAM-F sample measured at EGB of -150 V and 8 different angles θ between the sample normal and the polarization vector of the X-ray beam. The dotted lines denote the positions of the σ → σ* transitions for the C-H, C-F, and C-C bonds. The fact that the intensities originating from these transitions change with varying angle θ (as θ increases the intensity corresponding to σ* of the C-F bond increases while that of the C-C bond decreases) indicates that the sample is well oriented. By recording the PEY X-rays E θ NEXAFS spectra at 4 different EGBs at each θ we were able to "depth-profile" the sub-surface structure of the SAM-F sample. Following the method proposed by Outka and coworkers [6] the PEY NEXAFS spectra were fitted to a series of Gaussians and a step corresponding to the excitation edge of carbon. Similar experiments were carried out on the SFDs with various combinations of x and y. In particular, two series of SFDs were studied in which either x was kept constant and y was varied or vice versa. Figure 2 shows the normalized PEY σ* C-F bond NEXAFS intensities vs. θ from in C 1s for SF-LC groups in SFDs with the FB-8-x structure. The actual PEY NEXAFS intensities have been normalized with respect to the intensity at the "magic angle", θ = 55°. HOM-8-4 and FB-8 refer to a sample with no PS block and a sample with no -CH 2 -spacer in the SF group, respectively. Clearly, the fact that the intensity of the σ* C-F signal changes when the sample tilt angle is varied indicates that the SF-LC groups at the surface of the SFDs are oriented. Bearing in mind that the steeper the slope of the intensity vs. sample tilt angle, the smaller is the deviation of the molecule main axis from the substrate normal, the results in Fig. 2 illustrate that in samples where x is held constant, the average tilt angle τ of the SF-LC groups on the surface relative to the sample normal increases with increasing x. The results in Fig. 2 reveal that τ for the FB-8-x copolymers is larger than τ for the SAM-F sample but smaller than τ of the non-LC FB-8 polymer. The fact that the results for FB-8-x samples are close to those for HOM-8-4 shows that the constraints of the lamellar block copolymer structure have a minor effect on the SF-side group orientation. Systematic measurements of surface orientation have also been carried out on the series of SFDs, in which x was kept constant and y was varied. Figure 3 depicts the normalized PEY NEXAFS intensities vs. θ from σ* C-F bond in C 1s for SF-LC groups in SFDs with the FB-y-10 structure. As previously, the PEY NEXAFS intensities have been normalized with respect to the intensity at θ = 55°. The results in Fig. 3 show that at constant x, τ decreases modestly with increasing y. Similar to the case of FB-8-x structures the average tilts in FB-y-10 samples are larger than in SAM-F and smaller than in FB-8. The results presented in Figs. 2 and 3 show that an increase in the length of the SF group leads to smaller average angle τ. Similarly, decreasing the length of the hydrocarbon spacer leads to smaller τ.
In order to quantify the results shown in Figs. 2 and 3 , the SF chains were modeled using the "building block model" (BBM) [5, 6] , in which we assumed that the -CH 2 -spacer assumes a planar zigzag structure 2/1 (e.g., polyethylene) and the -CF 2 -part has a helical structure 15/7 (e.g., poly(tetrafluoroethylene)). In our implementation, the original BBM was modified such that the NEXAFS intensity originating from a σ * orbital was corrected for the energy loss of the Auger electrons originating from the sub-surface regions of the sample [7] . The total intensity from the sample was then given as a weighted sum of the particular intensities from all corresponding σ * s. By analyzing several data sets collected from the same sample and different EGBs we were able to determine the average tilt angles of the hydrocarbon and fluorocarbon parts of the SF chain, τ CH2 and τ CF2 , respectively. The results of the analysis are shown in Table  I . The values in Table I reinforce the information from Figs. 2 and 3. Namely at constant y τ y increases with increasing x (cf. Fig. 2 ) and decreases with increasing y at constant x (cf. Fig. 3) . Even though the values of τ CH2 follow generally the same trends as τ CF2 , there are some deviations (FB-8-10 in the FB-y-10 series). Overall, the results from the PEY NEXAFS analysis reveal that the average tilt of the SF-LC chain is dictated by both the LC ordering, originating from the SF group, and the flexibility of the hydrocarbon spacer. 
